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Vision trainingThis research tested the hypothesis that the successful treatment of convergence insufﬁciency (CI) with
vision-training (VT) procedures, leads to an increased capacity of vergence adaptation (VAdapt) allowing
a more rapid downward adjustment of the convergence accommodation cross-link. Nine subjects with CI
were recruited from a clinical population, based upon reduced fusional vergence amplitudes, receded
near point of convergence or symptomology. VAdapt and the resulting changes to convergence accom-
modation (CA) were measured at speciﬁc intervals over 15 min (pre-training). Separate clinical measures
of the accommodative convergence cross link, horizontal fusion limits and near point of convergence
were taken and a symptomology questionnaire completed. Subjects then participated in a VT program
composed of 2.5 h at home and 1 h in-ofﬁce weekly for 12–14 weeks. Clinical testing was done weekly.
VAdapt and CA measures were retaken once clinical measures normalized for 2 weeks (mid-training) and
then again when symptoms had cleared (post-training). VAdapt and CA responses as well as the clinical
measures were taken on a control group showing normal clinical ﬁndings. Six subjects provided complete
data sets. CI clinical ﬁndings reached normal levels between 4 and 7 weeks of training but symptoms,
VAdapt, and CA output remained signiﬁcantly different from the controls until 12–14 weeks. The hypoth-
esis was retained. The reduced VAdapt and excessive CA found in CI were normalized through orthoptic
treatment. This time course was underestimated by clinical ﬁndings but matched symptom amelioration.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
1.1. Tonic vergence adaptation
Vergence and accommodation are modeled as two parallel sys-
tems (Fig. 1) with reciprocal cross-links (Schor, 1979, 1983, 1986;
Schor & Kotulak, 1986). The adaptation of tonic vergence refers to
the replacement of reﬂex vergence by slow or tonic vergence
changes when binocular viewing becomes prolonged (Hung,
1992; Schor, 1979, 1983). Tonic vergence adaptation acts to reduce
an individual’s ﬁxation disparity providing improved ocular align-
ment (Schor, 1979, 1983). Further, adaptation acts in the face of
asymmetric demands of vergence and accommodation (e.g., prism
viewing) to attenuate the cross coupled response between ver-
gence and accommodation termed vergence accommodation.Accommodative adaptation, like its vergence counterpart acts to
reduce accommodative error (Schor, Kotulak, & Tsuetaki, 1986)
and reduce the linkage between accommodation and vergence
(accommodative convergence) (Schor & Kotulak, 1986).
Cross- link attenuation is primarily, mediated through changes
in the respective tonic levels of accommodation and/or vergence.
Changes in the actual gains of the AC/A and CA/C ratios themselves
are not common with prism viewing (Bobier & McRae, 1996; Judge,
Miles, & Optican, 1987; Nguyen, Vedamurthy, & Schor, 2008;
Schor, 1979, 1986, 2009). Individuals vary in their capacity to
adapt and also show biases in direction of adaptation (e.g. conver-
gence vs. divergence), (Schor, 1983, 1988) (Henson & North, 1980).1.2. Fusion limits
Viewing through a range of prisms placed binocularly before
the eyes, in both a base-in and then base-out direction has pro-
vided a diagnostic measure of dysfunction of vergence and accom-
modation for well over a century (Daum, 1988; Maddox & Edin,
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Fig. 1. Current models of the cross coupling between accommodation and vergence are represented as negative feed- back systems. If a target is moved closer to the eyes, a
symmetrical change to both accommodation and vergence occurs simultaneously because of increased blur and crossed disparity. This is handled initially by the phasic
(reﬂex) output of the controllers of accommodation and vergence along with cross coupling between the two system driven by AC/A and CA/C. However, if a prism is used,
only disparity is changed, then only phasic vergence and the cross-coupled CA/C will increase. The excessive CA/C innervation can only be attenuated when the adaptation
allows tonic vergence to reduce the phasic output and that of the CA/C. [Reproduced from Bobier and McRae (1996)].
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was termed positive fusional vergence (PFV) while base in prism
limits that stimulates divergence was termed negative fusional
vergence (NFV) (Fry, 1964). Long standing clinical criteria identi-
ﬁed deﬁcient fusion limits either in terms of asymmetric ampli-
tudes (Percival, 1928); or with respect to phoria magnitudes
(Sheard, 1930). Norms have also been generated for these limits
(Morgan, 1944a, 1944b). Current models of accommodation and
convergence (Fig. 1) predict that during binocular prism viewing,
vergence adaptation would act to reduce the output of the conver-
gence accommodation cross-link (Schor, 2009). Speciﬁcally, when
viewing through a base out prism, the reﬂex output of vergence
would lead to increased accommodation through the convergence
accommodation (CA/C) cross-link (see Fig. 1). The capacity to view
through base out prisms without experiencing blur or diplopia is
clinically termed a fusion limit and must not only reﬂect the
strength of the convergence response but also the capacity to
rapidly employ vergence adaptation (Thiagarajan,
Lakshminarayanan, & Bobier, 2010). Fusion limits may indirectly
measure an individual’s capacity for vergence adaptation and the
capacity to reduce unwanted convergence driven accommodation.1.3. Convergence insufﬁciency (CI)
A common application of fusion limits is in the diagnosis and
treatment of a functional oculomotor anomaly, termed conver-
gence insufﬁciency (CI). Both von Graefe and Duane (Cooper,
Schulman, & Jamal, 2013; Daum, 1988) recognized the condition
in the 1850s. CI presents clinically with complaints of asthenopia;
often blur and diplopia leading to frontal headaches following pro-
longed periods (approx. 30 min) of near work (Cooper, Schulman, &
Jamal, 2013). Clinical signs show a large exophoria at near. Positive
fusion limits (PFV) are low while negative fusion limits (NFV) are
normal or excessive and the exophoria is not compensated by
the corresponding PFV limit. In addition, patients are limited in
their capacity to converge their eyes as an object such as a pencil
is moved toward their nose. The distance from the facial plane at
which convergence ceases is termed the near point of convergence(NPC) (Cooper, Schulman, & Jamal, 2013; Scheiman & Wick, 2002;
Scheiman et al., 2008). The prevalence of this condition ranges
from 3% to 5% in non-clinical populations (Cooper, Schulman, &
Jamal, 2013; Grisham, 1988). Given that the condition is develop-
mental, its prevalence is high (13%) in school aged children
(Rouse et al., 1999). Accordingly, there is concern and evidence
that the condition would affect school performance (Borsting
et al., 2012).The prognosis for treatment is high but only for
vision-training (orthoptics) (Brautaset & Jennings, 2006; Cooper,
Schulman, & Jamal, 2013; Cooper et al., 2013; Daum, 1988;
Grisham, 1988; Scheiman et al., 2002, 2008). Prismatic correction
does not appear to be an effective form of treatment for CI
(Scheiman, Cotter et al., 2005, 2008; Worrell, Hirsch, & Morgan,
1971).1.3.1. Orthoptic treatment of CI
It is generally held that CI is best treated with a battery of
orthoptic (or vision training) techniques. Conceptually, many of
these techniques like viewing through a base out prism stimulate
not only convergence but also its dissociation from accommoda-
tion (Cooper, Schulman, & Jamal, 2013; Scheiman & Wick, 2002;
Scheiman et al., 2008). Techniques which provide a congruent
demand between accommodation and vergence such as converg-
ing on a pencil tip (‘‘pencil push- ups’’) have been less effective
(Cooper, Schulman, & Jamal, 2013; Scheiman & Wick, 2002;
Scheiman et al., 2008). Vision-training may take up to 3 months
for the amelioration of the patient’s symptoms. Clinical measures
show signiﬁcant increases in positive fusional vergence (PFV) cou-
pled with improved (reduced) near point of convergence. When
symptoms were quantiﬁed by the use of a questionnaire, a clinical
trial showed that symptoms still remained after clinical measures
reached normal levels (Scheiman et al., 2010). The condition of CI
has historically been seen as functional in nature (Cooper,
Schulman, & Jamal, 2013). This research will focus on this form
alone.
Experimental data has shown that vergence adaptation is
reduced in CI (Henson & North, 1981; Schor & Horner, 1989) and
is improved with orthoptic (vision) training (Brautaset &
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that the reduced magnitude of vergence adaptation associated
with CI is accompanied by excessive convergence accommodation
(CA) (Sreenivasan & Bobier, 2014). We hypothesize, that the mag-
nitude of vergence adaptation will increase with vision training,
which in turn will reduce the excessive output of CA. We expect
these changes will be associated with increased fusional vergence
limits. Since asthenopic symptoms remain after the normalization
of clinical ﬁndings (Scheiman et al., 2010), we hypothesize that if
adaptive changes are found they may be more closely linked to
the alleviation of symptoms. These hypotheses will be tested from
a sample of individuals with CI and comparing clinical measures
with experimental measures of vergence adaptation and conver-
gence accommodation output initially and then following an
orthoptic treatment program. Data taken from a sample of visually
normal subjects will be used as comparison. From this investiga-
tion, we ﬁnd not only is CA better controlled due to improved ver-
gence adaptation; but that, this improvement follows the
amelioration of symptoms more closely than standard clinical
measures and criteria.2. Methods
A study protocol was designed in which subjects with CI were
given orthoptic treatment over a 3 month period. Clinical measures
were taken weekly. Experimental measures of vergence adaptation
and corresponding changes in CA were measured in response to
forced convergence induced by a 12D base out wedge prism placed
before one eye. The subject viewed binocularly at 40 cm. These
experimental measures were taken thrice (pre, mid and post train-
ing) during the 12–14 week period (see details below). The proto-
col received approval from the Ofﬁce of Research Ethics, University
of Waterloo and followed the tenets of Declaration of Helsinki.
Informed consent was obtained after verbal and written explana-
tion of the nature of the study.2.1. Study participants
Potential participants between the ages of 7–30 years were
recruited from the clinic database at the School of Optometry
and Vision Science, University of Waterloo. Subjects were accepted
into the study if 2 out of the following 4 criteria were met: reduced
convergence amplitudes where the PFV at near was at least 1 std.
below the norms identiﬁed by Morgan (less than 12 BO-blur or 15
BO-break) (Morgan, 1944a); reduced near point of convergence,
(NPCP 6 cm) (Scheiman et al., 2003); a large exophoria at near
that was not compensated by convergence limits according to
Sheard’s criterion (Sheard, 1930) and/or experienced symptoms
[CISS scoresP 16 for children (Borsting & Convergence
Insufﬁciency treatment Trial Group, 2003) or P21 for adults
(Rouse et al., 2004). In order that we recruited subjects with only
convergence insufﬁciency, we required the following: a best cor-
rected visual acuity of P6/9 in each eye; normal amplitudes of
accommodation for age (Hofstetter, 1944); vertical phoria <1D;
non-strabismic at distance and near; astigmatism <1D; ani-
sometropia <1D; no history of past vision therapy; absence of a
secondary cause for the CI (Parkinson’s/acquired brain injury
etc.), and absence of systemic diseases known to affect accommo-
dation and vergence. One of us (VS) reassessed all clinical ﬁndings.
Seventeen potential subjects were recruited based upon their
clinical records. Of those, nine were conﬁrmed to have met the CI
criteria outlined above. A control group of six binocularly normal
individuals (aged 20 to 30 years; mean = 24.3 ± 1.4 years) were
also recruited from the clinic data base. These binocular normal
adults had best corrected visual acuity of 6/6 in each eye, wereasymptomatic (CISS scores 611) and were conﬁrmed to have
accommodative and binocular functions that fell within Morgan’s
normal limits (Morgan, 1944b). The following functions were
assessed in the CI cases and control groups: fusional vergence lim-
its, near point of convergence, distance and near phorias,
stereo-acuity, ﬁxation disparity, and monocular and binocular near
point of accommodation.2.2. Measurement of phoria and convergence accommodation-PRE-
TRAINING
The instrumentation used for measuring vergence adaptation
and accommodation was similar to our previous investigations
(Sreenivasan & Bobier, 2014; Thiagarajan, Lakshminarayanan, &
Bobier, 2010). Brieﬂy, vergence adaptation was quantiﬁed by mea-
suring changes in the near phoria using the modiﬁed Thorington
technique (MTT). This technique dissociates the eyes by placing a
Maddox rod before one eye while the other eye views a small
bright light surrounded by letters and numbers. The phoria is
determined from the offset of the vertical image created by the
Maddox rod from that of the light. A scale set under the lights
allowed the phoria to be rapidly measured. This test has been
shown to be repeatable and valid in adults and in children
(Casillas & Rosenﬁeld, 2006; Rainey et al., 1998; Schroeder et al.,
1996; Sreenivasan et al., 2008). The measurement was repeated
thrice and the near phoria was deﬁned as the average of the three
responses.
Accommodative responses were measured at 25 Hz using a
PowerRefractor (Multichannel system, Reutlingen, Germany), and
averaged over 5-s intervals following individual calibrations.
Convergence driven accommodation was measured under condi-
tions where blur was set open-loop (absence of a stimulus to
blur-driven accommodation) and disparity was closed-loop. This
was achieved by binocular ﬁxation of a vertically oriented
0.2 cpd. difference of Gaussian (DOG) target (Kotulak & Schor,
1987). The DOG target was generated on a laptop and projected
onto a 7 inch wide TFT (thin ﬁlm transmitter) LCD monitor (Pyle,
Co. USA), which was viewed by the participant through a
semi-silvered mirror (total optical path from eye = 0.4 m). The sub-
ject placed their head in a chin and forehead rest. The room was
dimly lit. A shield of corrugated cardboard surrounded the subject
and the DOG target eliminated stray light so as to reduce unwanted
reﬂections arising from the subject’s face which would frustrate
photorefractive measures and prevent the subject from perceiving
any other high-contrast detail that could stimulate blur-driven
accommodation. The adapting stimulus was a 12D BO placed in
front of the left eye using a specially designed clamp and holder.3. Experimental procedures
3.1. Vergence adaptation and CA output
Prior to the start of the study session, participants sat in total
darkness for 3 min to allow the accommodation and vergence sys-
tem to return to their resting states (Wolf, Ciuffreda, & Jacobs,
1987). Baseline near phorias (0.4 m) and open-loop binocular
accommodation were then recorded without any prism, through
corrective lenses (if any). Subsequent to the baseline measures, a
12D BO wedge prism was added in front of the occluded left eye.
A phoria was measured prior to binocular viewing through the
prism and this represented the induced phoria for which adapta-
tion was to be quantiﬁed. The base out prism increased the sub-
ject’s actual phoria by 12D exo. Fusion, as opposed to
suppression or diplopia was conﬁrmed prior to the experiment
using nonius targets embedded in an otherwise binocular target.
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through the prisms were excluded from the study. Measures of
binocular open-loop accommodation were then taken through
the prism as the subject viewed the DOG target and the induced
change in accommodation was considered to be CA resulting from
the prism induced convergence. This conclusion could be justiﬁed
since, other stimuli to accommodation were either eliminated
(blur) or kept constant (proximal cues). Phoria and open-loop
accommodative measures were repeated in 3 min intervals for
15 min while the participants binocularly ﬁxated the DOG target
at 0.4 M.
Since tonic changes in accommodation (accommodative adap-
tation) could inﬂuence open loop accommodative measures and
therefore confound the CA measures, we also measured tonic
accommodation before and after sustained ﬁxation. These mea-
surements were performed by instructing participants to monocu-
larly ﬁxate a low spatial frequency (0.2 cpd) difference of Gaussian
target at 4 M (left eye occluded) which rendered the accommoda-
tive and vergence system virtually open-loop.
Cross link gains (ratios) of AC/A and CA/C were measured for
each participant on a separate day to avoid any effects of adapta-
tion. CA/C ratios were measured by altering convergence using
BO prisms (0, 3, 6, 9, 12D) when the accommodative feedback loop
was opened using a 0.2 cpd difference of Gaussian target (see
above). The CA/C ratio was calculated from the slope determined
when the resultant CA in diopters was plotted as a function of
the convergence stimulus expressed in meter angles (MA).
Response AC/A ratios were measured by binocularly altering the
stimulus to accommodation using ophthalmic lenses from +2D to
2D while the participants ﬁxated a high contrast target at
0.4 M. This resulted in a range of accommodative stimuli of
0.5D to 4.5D. The eyes were dissociated to allow a phoria mea-
sure for each lens power which provided the change in vergence
with respect to change in accommodation. Monocular accommo-
dation was measured using the Power Refractor. The response
AC/A was determined from a linear ﬁt of change in phoria position
as a function of the accommodative response.
3.2. Clinical measures
All clinical measurements were performed in a manner consis-
tent with procedures described in binocular vision textbooks
(Scheiman & Wick, 2002) and clinical trials (Scheiman et al., 2011).
3.2.1. Fusional limits
Positive and negative fusional vergences were measured at 6 M
and 0.4 M using the rotary prisms in the phoropter after the addi-
tion of a distance prescription and adjustment for inter pupillary
distance. Subjects were instructed to ﬁxate a vertical line of
20/30 letters and keep the line of letters single and clear as long
as possible. Base-in or Base-out prisms were gradually increased
at a rate of approximately 2D per second until subjects reported
sustained blur or diplopia.
3.2.2. Near point of convergence (NPC)
The NPC was measured by noting the distance from the patient
at which a target consisting of 20/30 letters moved along the mid-
line could no longer elicit symmetrical convergence leading to the
subject to report diplopia.
3.2.3. Fixation disparity and dissociated near phoria
Fixation disparity measures were taken using a commercially
available Saladin Near Point Balance Card (Bernell Corp. U.S.A.).
Small foveal misalignments were identiﬁed by noting the separa-
tion of two vertical nonius lines viewed dichoptically using crossPolaroid glasses. The 0.4 M phoria was measured using a method
similar to the modiﬁed Thorington technique described above.
3.3. Vision-training and follow-up
After the pre-training assessment, subjects commenced a
12 week in-ofﬁce & home-based VT regimen. The training con-
ducted both at home and in in-ofﬁce followed, in principle, those
procedures used in clinical trials (Scheiman et al., 2011) except
that their single 60 min weekly in-ofﬁce visit was broken into
two 30 min in-ofﬁce training sessions. Training positive fusional
vergence (PFV) was the primary goal for both formats. That is con-
vergence was increased while accommodation was held constant.
PFV was trained in-ofﬁce using a combination of BO
prisms/Aperture rule (Bernell, Corp. USA). Home based VT was pre-
scribed on a daily basis for 20–30 min using a computer based sys-
tem (HTS™, Gold Canyon, AZ, U.S.A.) to train PFV. The computer
based system allowed daily performance to be quantiﬁed and be
made available on line. Weekly in-ofﬁce visits were made follow-
ing the assessment of clinical measures. To encourage compliance
with the home training, participants were requested to log their VT
activities and include whether goals were met/any difﬁculties were
faced.
3.3.1. Clinical follow-up
Clinical measures (convergence and divergence amplitudes at
distance and near, NPC, ﬁxation disparity, dissociated near phoria)
were measured every week for 12–14 weeks. The level of home
training tasks was adjusted based upon these weekly assessments.
3.3.2. Mid-training and post-training assessment of vergence
adaptation and convergence accommodation
Mid-training assessments of vergence adaptation and CA were
taken for each participant after the PFV and NPC values consis-
tently fell within normal limits for at least two weeks. The
mid-training assessments fell between 4 and 7 weeks averaging
5.6 weeks. Training however, continued until symptoms had fully
regressed in accordance with CISS symptom scores. This time line
ranged between 12 and 14 weeks with an average of 12.4 weeks.
Measures in vergence adaptation and CA over a 15 min time period
were repeated at both the mid and post training points similar to
the procedure described in the pre-training session.
3.4. Data analysis
Clinical measures of PFV limits, NPC and ﬁxation disparity were
recorded for each weekly visit. Averaged values were plotted as
function of weeks of VT. Changes over time were analyzed using
a one-way ANOVA with post hoc corrections to determine the pre-
cise time point that showed the signiﬁcant difference (Fig. 2A–C).
CISS values were obtained only at the time of pre, mid and post
training sessions (Fig. 2d). Phoria and CA responses measured over
the 15 min time period during each of the three sessions
(pre-training, mid-training and post-training) were ﬁt using an
exponential decay function (GraphPad software Inc., USA) (see
Fig. 3). Two parameters were identiﬁed from the exponential curve
ﬁts. First, the magnitude of adaptation was deﬁned as the change
in the ordinate response (Y axis) (value in prism diopters) from
the initial value through to the asymptotic plateau. Second, the
time constant of the function was deﬁned as the time at which
the ordinate of the response reached 63% of the ﬁnal value
(Fig. 3). These parameters deﬁned both vergence adaptation and
CA output allowing comparisons to be made within the CI group
during the pre, mid and post training period as well as comparison
of control data using an ANOVA. Cross-link ratios (AC/A and CA/C
Fig. 4) were compared using t-tests. Table 1 provides a comparison
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of vision-training (pre, mid and post-training) in CIs vs the
untrained binocularly normal control group.4. Results
Out of the 9 participants recruited, three subjects could not
complete the vision-training due to lack of time/motivation. Data
from CIs (n = 6) (mean age = 20.5 ± 2.5 years) were compared with
the six binocular normal ‘‘controls’’ (Mean age = 24 ± 1.5 years,
matched for similarity in refractive error). Prior to vision therapy,
CI’s showed reduced PFV (CI cases: 11.7 ± 0.8D vs. Controls:
29.3 ± 2.3D; p < 0.001); receded NPC (CI’s: 11.2 ± 0.9 cm vs.
Controls: 3.9 ± 0.4 cm; p < 0.001); higher exo ﬁxation disparity
(FD) (CI’s: 2.33 ± 0.6 min of arc vs. controls: 0.08 ± 0.0.8 min
of arc; p = 0.01); and high CISS symptom scores (CI’s 28 ± 2.8 vs.
Controls: 7 ± 1.2; p < 0.001), compared to controls (Fig. 2; time
point 0; Table 1). We note that the averaged values of the FD for
the CI group are lower than expected given the norms deﬁned on
the Saladin Card. The value in this measure then was not so much
the absolute disparity but its change over time with training.
The mid-training and post-training assessments were com-
pleted within 4–7 weeks (mean 5.6 ± 0.8 weeks) and 12–14 weeks
respectively for all participants (mean: 12.4 ± 0.7 weeks). The six
CIs who completed the vision-training program came for two
in-ofﬁce sessions/week and reported that they performed their
prescribed exercises for 20–30 min/day for at least ﬁve days per
week. Compliance to home vision therapy was monitored by
reviewing written logs and computerized information from the
remote HTS performance review feature.
4.1. Changes to clinical measurements with vision training
Taken over the full 12–14 weeks, training signiﬁcantly altered
several clinical parameters. A one-way RM ANOVA showed signif-
icant changes to PFV (Fig. 2a, p < 0.0001), NPC (Fig. 2b, p < 0.000)
ﬁxation disparity (Fig. 2c, p < 0.0001) and symptom reduction
(CISS; p < 0.0003; Fig. 2 and Table 1). The greatest changes to PFV
and NPC occurred between pre-training and mid-training (5–Fig. 2. Effect of vision-training on clinical parameters in CI’s (A) Base out limits show a st
small asymptotic increase beyond that. (B) Reduction in NPC also shows a rapid change by
ﬁxation disparity show a more gradual change that continues throughout the entire traini
but do not reach normal levels until 12–14 weeks (post training). Control scores from b7 weeks of VT) and further changes beyond that time were small
(Fig. 2A and B). The mean increase at the 6 week period corre-
sponding to the average mid-training session for PFV was 19.4D
(a signiﬁcant increase at p < 0.001 compared to pre-training visit).
The average NPC reduced by 6.5 cm from base line (p < 0.001) and
the exo ﬁxation disparity decreased by 1.2 min arc (p < 0.04). PFV
showed only a small asymptotic increase after mid-training
(2.37D; p = 0.41) as did NPC (1.18 cm; p = 0.8) and ﬁxation dispar-
ity (0.625 min arc; p = 0.1). CISS scores showed signiﬁcant stepwise
reduction during both mid-training and post-training sessions
(reduction from pre training to mid training = 9.67; p < 0.01; mid
to post training = 9; p < 0.003). The overall magnitude of change
in clinical parameters after 12–14 weeks of training was deter-
mined using an exponential decay function. PFV increased by
21.5D (p < 0.0001 compared to baseline), NPC reduced by 7.1 cm
(p < 0.0001 compared to baseline) and a reduction in exo ﬁxation
disparity by 2.0D (p < 0.05 compared to baseline). In addition to
near PFV, the distance PFV also showed signiﬁcant increases with
vision-training (11.4D; p < 0.01). Near and distance phorias did
not show any statistically signiﬁcant changes following training.4.2. Changes to vergence adaptation and convergence accommodation
with vision training
In the control group (Fig. 3, dashed curves), sustained binocular
ﬁxation through the prism showed the time course of VAdapt as a
signiﬁcant reduction of the exophoria resulting from the base out
prism (Fig. 3-left, dashed lines; p < 0.001). The vergence adaptation
was also accompanied by a concomitant reduction in CA
(Fig. 3-right, dashed lines; p < 0.001). Compared to controls, CIs
exhibited signiﬁcantly less vergence adaptation and CA reduction
at the pre-training session as shown by the shallow overall expo-
nential decay ﬁts (p < 0.001; Fig. 3-top; Table 1). This pattern con-
tinued even after 5–7 weeks of training (p < 0.001; mid-training
session-Fig. 3-middle; Table 1) such that the CI’s still showed poor
adaptation and larger residual CA after 15 min of sustained binoc-
ular ﬁxation compared to controls. It was only after 12–14 weeks
of training that the exponential curves showed statistical similarity
to the control data (p > 0.05). For vergence adaptation (VAdapt),eady weekly progression and rapidly reach control levels at mid training with only a
mid training that changes little over the ﬁnal weeks (upper right). (C) Reductions in
ng session. Exo disparities are shown as negative (D) CISS scores reduce by mid- way
inocular normals (grey symbols) are included for comparison.
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cally signiﬁcant differences between pre training vs. controls
(p < 0.001; Fig. 3A, top left, Table 1) and mid-training vs. controls
(p < 0.005; Fig. 3A, middle left, Table 1) but the magnitude of adap-
tation was not statistically different from the controls after com-
pletion of vision-training at 12–14 weeks (p = 0.32; Fig. 3A;
bottom left, Table 1). The same change was found in the case of
CA output curves (example in Fig. 3 top right, Table 1), which
showed statistically lower changes with time before VT
(p < 0.001; Fig. 3B top right, Table 1) and during VT (i.e.
mid-training; p < 0.001; Fig. 3B middle right, Table 1) but not after
completion of vision-training (p = 0.4; Fig. 3B bottom right,
Table 1). A one-way RM-ANOVA showed a signiﬁcant main effect
of training on the magnitude of VAdapt (p < 0.001) and CAFig. 3. (A and B). Group averages for vergence adaptation and convergence accommodat
the completion of VT. (A) Vergence adaptation is deﬁned by the reduction in exophoria
signiﬁcantly reduced vergence adaptation; speciﬁcally, its magnitude is reduced compar
conditions for comparison. Only at 12 weeks does the adaptation curve of the CI subjects
(excessive) over time for the CI subjects and signiﬁcantly higher than the controls. The C
end of training. The dotted line in the top right ﬁgure represents the calculation of CA m(p < 0.001). However, examination of the data by Tukey post hoc
testing showed statistical signiﬁcance only between pre-training
and post-training sessions (p < 0.01 for vergence; p < 0.009 for
CA), mid-training and post-training (p < 0.01) for both vergence
and CA but not pre-training vs. mid-training (p = 0.9 for both ver-
gence adaptation and CA). Vision-training did not show any statis-
tically signiﬁcant effect on the time constant of vergence
adaptation (p = 0.8) across the three sessions or when any session
in CI was compared with the controls (p = 0.3).4.3. Comparison of parameters in CI subjects with Controls
In the pre training session, all the clinical functions of PFV, NPC,
ﬁxation disparity and symptoms were signiﬁcantly different fromion in response to 12D base out prism illustrate the changes prior to, during and at
over time while viewing through the 12D base out. At base line, CI subjects show
ed to control subjects. The single adaptation curve of the controls is presented in all
match that of the controls. (B) Similarly, the magnitude of CA output remains high
I subjects do not reduce their excessive CA levels to that similar to controls until the
agnitude after 15 min.
Fig. 4. No signiﬁcant change in the CA/C nor the AC/A cross-links resulted from vision training. Note also that in this sample both the AC/A and CA/C values did not differ
between the normal and CI subjects.
Table 1
Clinical parameters, symptoms, VAdapt and CA output are signiﬁcantly different from controls prior to training. These parameters become similar between the two groups at
different stages of VT. Most clinical ﬁndings are similar to controls by mid-training Fixation disparity however, while reduced, does not show statistical similarity with controls
until the training was completed. Magnitudes of VAdapt, CA output and symptom scores remain signiﬁcantly different from controls until post training.
Function CONTROLS (binocular
normals)
CI Pre-training
(baseline)
CI Mid-training (mean
time = 5.6 ± 0.8 weeks)
CI Post-training (mean
time = 12.4 ± 0.7 weeks)
PFV (PD) 29.3 ± 2.3 11.7 ± 0.8* 29 ± 3.4NS 35.6 ± 2.8NS
NPC (cm) 3.9 ± 0.4 11.2 ± 0.9* 3.3 ± 0.5NS 3.29 ± 0.3NS
Fixation disparity (min arc) 0.08 ± 0.08 2.3 ± 0.6* 0.88 ± 0.3^ 0.4 ± 0.3NS
Convergence insufﬁciency
symptom scores
7 ± 1.2 28 ± 2.8* 18.3 ± 2.5* 9.3 ± 2.9NS
VAdapt magnitude (D) 6.7 ± 0.6 3.6 ± 0.65* 3.7 ± 0.66* 6.0 ± 0.6NS
Reduction in CA output (D) 1.29 ± 0.29 0.34 ± 0.07* 0.41 ± 0.14* 0.99 ± 0.22NS
* Indicates p < 0.05 compared to binocular normals.
^ Denotes p approaching signiﬁcance p = 0.07.
NS Denotes statistical similarity (p > 0.05) compared to binocular normals.
Fig. 5. Accommodative adaptation was not signiﬁcantly different from zero
suggesting that it did not inﬂuence the CA measures.
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scores were consistently within their identiﬁed norms
(post-training). At that point, it can be seen that the clinical mea-
sures of PFV, NPC, and ﬁxation disparity had improved to a point
where they were not statistically different from the normal con-
trols. This was also true of the magnitudes of vergence adaptation
and CA reduction (above). However, the, PFV and NPC values were
not signiﬁcantly different from controls at the mid-session
(Table 1) that is much earlier than VAdapt and CA reduction
(above). Fixation disparity (Fig. 2, Table 1) showed a much slower
rate of reduction and its difference from controls was borderline in
signiﬁcance (p = 0.07, Table 1) at mid-session and not signiﬁcantly
different (p < 0.05) at post training. In summary clinical tests of PFV
and NPC normalized by mid-session while symptoms, VAdapt and
CA changes did not normalize (not signiﬁcantly different from con-
trols) until post training.
The clinical measures of AC/A and CA/C ratios showed
non-signiﬁcant effects of training in the CI group (Fig. 4; CA/C;
p = 0.2; AC/A: p = 0.9). Further, it can also been seen that the
cross-link gains pre and post-training in CI’s were similar com-
pared to controls (CA/C & AC/A: p = 0.9; Fig. 4).4.4. Tonic accommodation
Accommodative adaptation (i.e. the difference between pre and
post task tonic accommodation) was not signiﬁcantly different
from zero in the CI group both pre (mean change = 0.11D ±
0.16D; p = 0.57; Fig. 5) and post training (mean change = 0.11 ±
0.12D = 0.41). This was similar to the control group, which also
showed a non-signiﬁcant shift (mean change = 0.09 ± 0.09D;
p = 0.33) in tonic accommodation after sustained viewing. Theseresults indicate that CA measures were not confounded by changes
in tonic accommodation.5. Discussion
We have previously published the baseline ﬁndings showing
reduced vergence adaptation and excessive levels of convergence
accommodation in this CI group (Sreenivasan & Bobier, 2014).
However, in that case we used comparative normal data from a
previous study. In this study, we introduced a new set of controls
112 V. Sreenivasan, W.R. Bobier / Vision Research 111 (2015) 105–113who also showed a greater degree of vergence adaptation and
reduction of convergence accommodation compared to the CI
group. We also conﬁrmed that vision-training over a 12–14-week
period signiﬁcantly increased PFV limits, reduced NPC and,
reduced ﬁxation disparity. It is important to note that PFV and
NPC reached expected norms deﬁned by Morgan (Morgan,
1944a) by mid-training (5–7 weeks). In fact, all subjects showed
normal convergence fusion limits and met Sheard’s criterion by
mid-training. However, their symptoms remained, although
reduced in severity. As well, vergence adaptation curves were still
reduced and CA output remained excessive at mid-training com-
pared to controls. Normative symptom scores were not achieved
in this study until the 12–14 weeks, when vergence adaptation
and the levels of convergence accommodation were similar to
the controls. We can conclude that our hypothesis can be accepted;
namely, that reduced vergence adaptation and the resulting excess
of convergence accommodation is an integral problem of CI.
Vision-training programs, which provide incongruent stimuli
(e.g., base-out prisms and Vectograms that require increases in
convergence relative to accommodation), would appear to be ideal
as they would require the activation of vergence adaptation in
order to suppress excessive levels of convergence accommodation.
Only ﬁxation disparity appears to show slightly different pattern
compared to other clinical measures. Reduction was continuous
throughout the entire 12–14 weeks (Fig. 2, Table 1). Possibly, the
recognized relationship between ﬁxation disparity and vergence
adaptation (Schor, 1979, 1983) allows the reduction ﬁxation dis-
parity to mark the increasing capacity of vergence adaptation dur-
ing orthoptics.
Since the prism value at which ‘‘blur’’ is reported in clinical pos-
itive fusional vergence testing is now understood to correspond to
the output of CA (Semmlow & Heerema, 1979; Semmlow & Hung,
1981); we conclude that the initial elevated levels of CA found in
subjects with CI both leads to reduced fusion limits and would
explain the blurring reported in patient symptomology. The reduc-
tion of this symptom, following vision-training would be explained
by the reduction in excessive convergence accommodation associ-
ated with improved dynamics of vergence adaptation.
Eye tracking studies show that CI is associated with reduced
vergence amplitudes (van Leeuwen et al., 1999), coupled with
reduced peak velocity (Alvarez et al., 2010), and a high degree of
saccadic responses mixed with the attenuated vergence response
(Alvarez & Kim, 2013; van Leeuwen et al., 1999). These patterns
also showed signiﬁcant change with vergence training (Alvarez &
Kim, 2013; Alvarez et al., 2010; van Leeuwen et al., 1999). It is
important to differentiate that their vision-training exercises like
pencil push-ups and Brock string involved repetitive reﬂex ver-
gence activity. The VT used in this experiment differed in that it
provided additional incongruent stimulus levels between accom-
modation and vergence. The latter would be expected to require
vergence adaptive changes in order to allow the reduction in CA
output.
Since vergence adaptation requires the input of reﬂex fusional
vergence, it is likely that some or most CIs show weak reﬂexive
components, which result in attenuated vergence adaptation.
Possibly, subjects unable to fuse the prism had greater problems
in their reﬂex fusional response. It follows that our experimental
paradigm would have selected those CIs who had sufﬁcient reﬂex
convergence to overcome the 12D BO used to manifest the ver-
gence adaptation. One could take the position that perhaps CI is
explained entirely by a weak reﬂexive vergence system.
Adaptation is modeled extensively as the replacement of reﬂexive
components by tonic/adaptive changes (Hung, 1992; Schor, 1979,
1983, 1986, 2009). However, viewing the problem as only reﬂexive
would not explain why orthoptic treatment is more successful
with tasks that make accommodation and vergence incongruentcompared to those such as pencil push-ups that keep the stimuli
congruent (Scheiman, Mitchell et al., 2005). Vergence adaptation
would be required to reduce the CA output in the former case
but not the latter. In addition, the clinical data in this study shows
that the near point of convergence which would be reﬂexive, had
reached normal levels but vergence adaptation had not.
Complete symptomatic relief appeared to require both.
The change in vergence adaptation with vision-training sug-
gests the underlying mechanisms must represent a higher CNS
activity than just improvement in the connections between the
extra ocular muscles and cranial nerves. These changes appear to
represent modiﬁcations in neuronal circuitry based on evidence
directly found by Alvarez and associates (Alvarez et al., 2010).
The authors used fMRI to investigate changes attributable to
increased neuronal recruitment and synchronization in centres of
the cortex, cerebellum and brain stem in subjects with CI undergo-
ing vision training. Vision-training produced signiﬁcant changes in
all brain areas. Improvement of clinical ﬁndings often correlated
with changes in differing brain loci. NPC changes were correlated
with only brain stem areas while changes in fusion limits on the
other hand correlated with changes in frontal, parietal and cerebel-
lar regions but not the brain stem.
6. Conclusion
In summary, these results add further support to the hypothesis
that the clinical condition of convergence insufﬁciency (CI) is based
upon a reduced capacity of vergence adaptation when viewing
becomes prolonged. As a result, convergence accommodation
becomes excessive. The attenuated adaptation could explain both
symptoms of blur and clinical measures showing a reduced capac-
ity to view through base out prisms (positive fusion limits).
Vision-training acts to improve vergence adaptation and reduce
excessive convergence accommodation. There is a strong associa-
tion between the cessation of symptoms and the increased ver-
gence adaptation and reduced CA output. Clinical measures of
positive fusional vergence and NPC appear to normalize in advance
of both full symptom relief and vergence adaptation and its reduc-
tion of CA output. Only ﬁxation disparity appears to show a pattern
closer to that of adaptation. Clinical reports (Grisham, 1988) sug-
gest that a threshold in terms of symptom amelioration and clini-
cal measures must be reached for the changes to be robust and
maintained over time.
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